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particularly in turbulent and/or crosswind conditions, were identified. Even though 
the control system was designed to assist the pilot in managing the inertial velocity 
vector, the display format was still aligned with the aircraft's attitude, with 
velocity-vector (VV) information as an additional feature. In addition, the TSRV 
flight deck arrangement included a navigation display which was normally presented in 
a track-aligned format for a number of years, with wide acceptance by the research 
pilots. Thus, the two electronic display formats, directly in front of the pilot, 
were aligned with different orientations. d 

In an attempt to improve the transfer of information, the PFD format was aligned 
with the inertial velocity vector. 
velocity-vector-aligned primary flight display (VVPFD) format, a simulation compari- 
son of two PFD formats (one aligned with attitude and the other with inertial velocity 
vector), and flight test results of the VVPFD format. Simulation runs were conducted 
along a curved, descending approach-to-landing path. 
velocity-vector control-wheel steering mode (ref. 5) for pilot-in-the-loop examina- 
tions. Also, fully automatic runs were conducted to examine pilot performance during 
monitoring situations. Commentary and performance data from two NASA test pilots 
were analyzed and are presented and discussed. After the simulation experiment, 

WPFD format. The same NASA test pilots and an almost identical approach-to-landing 
task at the NASA Wallops Flight Center were used. 

This report presents the development of the 7 

Runs were made using the 

flight tests were conducted in the Transport Systems Research Vehicle (TSRV) with the I 
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SIMULATION FACILITIES 

ATOPS Program employs a variety of research tools to reach its objectives. 
One such tool is the Langley Transport Systems Research Vehicle Real-Time Simulator. 



SUMMARY 

This report describes the development of an electronic primary flight display 
format aligned with the aircraft velocity vector, a simulation evaluation comparing 
this format with an electronic attitude-aligned primary flight display format, and a 
flight evaluation of the velocity-vector-aligned display format. 

Earlier tests in turbulent conditions with the electronic attitude-aligned dis- 
play format had shown an objectionable unsteadiness in the displayed information. A 
primary objective of aligning the display format with the velocity vector was to take 
advantage of a velocity-vector control-wheel steering system to provide a steadiness 
of display information during turbulent conditions. Better situational awareness 
through an improved arrangement of related display symbology under crosswind condi- 
tions was also achieved. The simulation evaluation task was a curved, descending 
approach with turbulent and crosswind conditions. Category I1 and I11 visual scene 
presentations were provided in the front window. Both primary flight display formats 
used in the simulation tests contained computer-drawn perspective runway images and 
flight-path angle information. The flight tests were conducted aboard the NASA 
Transport Systems Research Vehicle (TSRV) at the Wallops Flight Center. Nearly 
identical tasks and the same pilots were used for both the simulation and the flight 
evaluation of the new format. 

The comparative results of the simulation and flight tests were principally 
obtained from subjective commentary. Statistical examination of simulation perfor- 
mance data is also presented. Overall, the pilots preferred the display format 
aligned with the velocity vector. The results of statistical examination of perfor- 
mance parameters were mixed and thus somewhat inconclusive. The flight results 
basically confirmed the research findings in simulation. The flight and simulation 
tracking performances for glide-slope and localizer signals were excellent and would 
meet category 11 or 111 requirements. 

INTRODUCTION 

A primary objective of the National Aeronautics and Space Administration Advanced 
Transport Operating Systems (ATOPS) Program is the research and development of elec- 
tronic display concepts that will improve the pilot-vehicle interface €or complex 
approach-to-landing tasks in low visibility weather conditions. A principal focus 
has been the continuing determination of information essential to the pilot's perfor- 
mance of the task and the presentation of this information to the pilot in a form 
that is simple, integrated, and easily understood (refs. 1-5). The study reported 
herein furthers this objective with the development and evaluation of a revised elec- 
tronic primary flight display (PFD) format. This display, referenced to the inertial 
velocity vector, was implemented and tested on the Langley Transport Systems Research 
Vehicle (TSRV) Real-Time Simulator and in the research flight deck (RFD) aboard the 
TS RV . 

Reference 5 documented a study involving substantial improvement of a computer- 
assisted control system and a PF3, tailored for use with a semiautomatic control 
system. However, several problem areas relating to presentation of information, 



are represented in a real-time simulation with a near replication of the RFD hardware 
(fig. 3 )  and its functional operations. The TSRV is represented by a six-degree-of- 
freedom set of nonlinear equations of motion. Functional aspects of the advanced 
flight control configuration of the airplane (fig. 4) are also represented in the 
simulation including nonlinear models of servo-actuators. 
equations is performed by a Control Data Corporation (CDC) CYBER 175 digital com- 

The processing of the 

v puter at 32 times per second. Verification and validation of the simulation had been 

FLIGHT FACILITY 

evaluations. 
I 

For external visual scenes, the TSRV FPD simulation facility is equipped with an 

Display System (VLDS). The image system is located on the left (pilot's side) and is 
a beam-splitter, reflective-mirror type. The system, located 1.27 m (50 in.) from 
the pilot's eye, presents a nominal 48" wide by 36" high field of view of a 525-line 
TV raster system and provides a 46" by 26' instantaneous field of view. The picture 
is in full color with unity magnification and a resolution on the order of 9 minutes 
of arc. A terrain model used in the VLDS contains a 1500/1 scale airport representa- 
tion with a runway equipped for operations under instrument flight rules. The runway 
is 3505 m (11 500 ft) long and 81 m (267 ft) wide. This runway is accurately marked 
for operations in accord with Federal Aviation Administration Circular AC 150/5300-2B. 
Approach lights, sequenced flashers, centerline lights, touchdown zone lights, runway 
edge lights, taxiway lights, runway distance remaining lights, and end of runway 
lights are provided. Additional details of the visual equipment c a n  he f m x d  ir! 
reference 6. 

I "out-the-window" virtual image system. This is part of the Langley Visual Landing 

The TSRV is a B737-100, twin-engine jet transport as shown in figure 1. Equipped 
with triple slotted trailing-edge flaps, leading-edge slots, and Krueger trailing- 
edge flaps, this vehicle was designed for short-haul operations into small airports 
with short runways. An elevator and movable stabilizer provide basic longitudinal 
control, and a combination of ailerons and spoilers provides basic lateral control. 
The spoilers also function as speed brakes. This vehicle has been modified to serve 
as a research airplane by the inclusion of several experimental systems. 

Major components of the research system consist of a standard forward cockpit, 
an aft RFD, guidance and navigation computer, electronic display equipment, and flight 
control computers. An advanced guidance and control system is provided. Figure 4 
shows a generalized block diagram of the research system components. The flight 
functions of navigation, guidance, and various levels of automation are achievable. 
However for these flight tests, only the semiautomatic control mode of VV control- 
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wheel s t e e r i n g  w i t h  a u t o t h r o t t l e  was used. 
i s  d e s c r i b e d  i n  r e fe rence  7. 
a r ranged  i n  pa l le t s  and i s  shown i n  f i g u r e  2. 

The o p e r a t i o n  of onboard a i r p l a n e  systems 
Research equipment aboard t h e  a i r p l a n e  i s  g e n e r a l l y  

The two-man RFD ( f i g .  3 )  has  panel-mounted c o n t r o l l e r s  (PMC) and conven t iona l  
rudder  p e d a l s  f o r  p i l o t  i n p u t s .  A fly-by-wire i n t e r f a c e  is provided  t o  t h e  a i r p l a n e  
c o n t r o l  systems. 
o v e r r i d e  t h e  RFD con t ro l s .  E l e c t r o n i c  d i s p l a y s  are provided w i t h  t h e  primary f l i g h t  
d i s p l a y  above t h e  naviga t ion  d i s p l a y .  These d i s p l a y s  are  p r e s e n t e d  on monochromatic 
CRT's w i t h  a combination of ras ter  and s t r o k e  w r i t i n g  t echn iques .  

The forward f l i g h t  deck c o n t a i n s  t h e  means t o  d i sconnec t  o r  manually 

DISPLAY FORMAT DEVELOPMENT 

I n  t h e  a t t i t u d e - a l i g n e d  primary f l i g h t  d i s p l a y  (ATTPFD) format  ( f i g .  6 ) ,  t h e  
a i r p l a n e  a t t i t u d e  symbol i s  f i x e d  r e l a t i v e  t o  t h e  CRT sc reen  and a l l  o t h e r  informa- 
t i o n  excep t  f i x e d  s c a l e  q u a n t i t i e s  moves r e l a t i v e  t o  t h i s  a t t i t u d e  p r e s e n t a t i o n .  
This  format i s  analogous t o  t h a t  o f  e l ec t romechan ica l  c o u n t e r p a r t s .  (The d i s p l a y  
symbols are def ined  and use  of t h e  d i s p l a y  i s  d e s c r i b e d  i n  r e f .  7 . )  For example, t h e  
W symbol must be drawn wi th  i t s  v e r t i c a l  and h o r i z o n t a l  d i sp lacement  r e l a t i v e  t o  t h e  
a t t i t u d e  symbol on t h e  screen. Likewise,  t h e  ho r i zon  l i n e  and p i t c h  g r i d  must be 
p re sen ted  r e l a t i v e  t o  t h e  a t t i t u d e  symbol. During p rev ious  s t u d i e s ,  numerous p i l o t s  
have commented nega t ive ly  on t h e  seemingly c o n s t a n t  movement i n  t h e  e l e c t r o n i c  pr i -  
mary d i s p l a y ,  e s p e c i a l l y  i n  t u r b u l e n t  c o n d i t i o n s .  The i n c r e a s e d  r e s o l u t i o n  w i t h i n  
t h i s  d i s p l a y  i s  probably t h e  major c o n t r i b u t i n g  f a c t o r  t o  t h i s  annoying movement. 
Add i t iona l  p i l o t  comments have focused on t h e  l o c a t i o n  of an a l i g n e d  runway image 
w i t h i n  an ATTPFD format. During crosswind c o n d i t i o n s ,  t h e  p o s i t i o n  of  t h e  runway and 
extended c e n t e r l i n e  image is d i s p l a c e d  from t h e  c e n t e r  of  t h e  d i s p l a y  as shown i n  
f i g u r e  7. The displacement o f  t h e  computer-drawn image t o  t h e  r i g h t  i s  caused by a 
c r a b  a n g l e  be ing  maintained i n  o r d e r  t o  compensate f o r  a crosswind. The view of t h e  
runway and c e n t e r l i n e  is t h a t  of an eye  c o o r d i n a t e  system p laced  a l o n g  t h e  body a x i s  
of t h e  a i r p l a n e .  Note t h a t  t h e  W of t h e  a i r p l a n e  i n d i c a t e s  t h a t  t h e  f l i g h t  p a t h  i s  
aimed a long  t h e  runway t o  a p o i n t  i n s i d e  t h e  t h r e s h o l d .  I n  t h e  no crosswind s i t u a -  
t i o n ,  assuming heading e q u a l s  t r a c k  ang le ,  t h e  runway and c e n t e r l i n e  p l u s  f l i g h t - p a t h  
a n g l e  are i n  t h e  center  of  t h e  d i s p l a y  as w a s  shown i n  f i g u r e  6.  

A s  t h e  b e n e f i t s  o f  p rov id ing  VV informat ion  t o  t h e  d i s p l a y  and i n t e g r a t i n g  it 
wi th  c o n t r o l  laws accrued ( r e f s .  1, 3, and 5 ) ,  it became appa ren t  t h a t  t h e  d i s p l a y  
format should  be a l igned  w i t h  t h e  W r a t h e r  t h a n  a t t i t u d e .  For t h e  TSRV a p p l i c a t i o n ,  
t h e  cho ice  w a s  made t o  a l i g n  t h e  d i s p l a y  format w i t h  t h e  commanded W being  gene ra t ed  
w i t h i n  t h e  W control-wheel s t e e r i n g  system r a t h e r  t han  a c t u a l  f l i g h t - p a t h  a n g l e .  
(See r e f .  5 f o r  a complete d e s c r i p t i o n  and t h e  o p e r a t i o n a l  b e n e f i t s  o f  commanded VV 
in fo rma t ion . )  The advantage of o r i e n t i n g  t h e  d i s p l a y  format w i t h  t h e  commanded VV i s  
t h e  s t e a d i n e s s  o f  t he  d i s p l a y  under changing o u t s i d e  i n f l u e n c e s ,  s i n c e  t h e  commanded 
W changes o n l y  through p i l o t  i n p u t .  Thus a major p o r t i o n  of  t h e  d i s p l a y e d  informa- 
t i o n  moves on ly  when t h e  p i l o t  makes a c o n t r o l  i n p u t .  I n  a d d i t i o n  t o  reducing  move- 
ment i n  t h e  d i s p l a y  format,  t h e  s e l e c t i o n  of W as t h e  a l ignment  p o i n t  a l s o  r e s u l t s  
i n  t h e  primary and nav iga t ion  d i s p l a y s  bo th  be ing  a l i g n e d  a long  t h e  W components 
when t h e  naviga t ion  d i s p l a y  i s  i n  t h e  p r e f e r r e d  t r a c k - o r i e n t e d  mode of o p e r a t i o n  
( r e f .  4 ) .  

The conversion o f  t h e  pr imary  f l i g h t  d i s p l a y  format from a t t i t u d e  a l i g n e d  t o  W 
a l i g n e d  w a s  r e a d i l y  accommodated f o r  most symbols inasmuch as  r e l a t i v e  d i sp lacemen t s  
w e r e  summations of r e a d i l y  a v a i l a b l e  measurements. S c a l e s  and r e a d o u t s  r e q u i r e d  no 
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changes a t  a l l .  However, t h e  proper  placement of  t h e  p e r s p e c t i v e  runway informat ion  
r equ i r ed  a new l o c a t i o n  f o r  t h e  eye coord ina te  system. The eye  coord ina te  system 
t h a t  w a s  p r e v i o u s l y  l o c a t e d  a long  t h e  body a x i s  of t h e  a i r p l a n e  now had t o  be t r a n s -  
formed a long  t h e  commanded W. Two angular  r o t a t i o n s  from t h e  body ( a t t i t u d e )  a x i s  
are used t o  form an a d d i t i o n a l  t ransformat ion  m a t r i x  D d e f i n e d  as 

D =  

- 
cos  b c o s  a s i n  a cos b s i n  a 

- s i n  b c o s  a cos  a - s i n  b s i n  a 

- s i n  b - 0 cos  b 

where a i s  t h e  p i t c h  ang le  minus t h e  f l i g h t - p a t h  ang le  and b i s  t h e  t r a c k  ang le  
minus t h e  heading angle .  The t ransformat ion  ma t r ix  D a p p l i e d  t o  t h e  p e r t i n e n t  run- 
way l o c a t i o n  v a r i a b l e s  r e l o c a t e d  t h e s e  v a r i a b l e s  i n  t h e  new eye coord ina te  system and 
t h e n  t h e  methods o f  drawing t h e  pe r spec t ive  runway and extended c e n t e r l i n e  w e r e  
app l i ed  as o u t l i n e d  i n  r e fe rence  1. 

F igure  8 shows t h e  WPFD format corresponding t o  t h e  same c o n d i t i o n  as w a s  shown 
i n  f i g u r e  7 f o r  t h e  ATTPFD format.  Aside from t h e  d i f f e r e n c e s  p r e v i o u s l y  d i s c u s s e d ,  
s e v e r a l  o t h e r  s u b t l e  changes should b e  observed. The scales and p o i n t e r s  are now i n  
l i n e  wi th  t h e  W i n d i c a t o r .  When t h e  l o c a l i z e r  e r r o r  i s  z e r o  and t h e  proper  t r a c k  i s  
being main ta ined ,  t h e  extended c e n t e r l i n e  of t h e  runway image passes  through t h e  
c e n t e r  of t h e  l o c a l i z e r  scale regzr6 lecs  cf crssswind. EVezyLLiiiIiy bu t  t h e  s c a i e s  i s  
sh i f ted  h ighe r  i n  t h e  screen, and the gl ide-s lope  scale i s  d i r e c t l y  a l igned  ho r i -  
z o n t a l l y  wi th  t h e  f l i g h t - p a t h  angle .  

a con t  

SIMULATION EXPERIMENT 

The major o b j e c t i v e  of  t h e  s imula t ion  experiment  w a s  t o  creat o l l e d  
s tudy  i n  which t h e  assumed b e n e f i t s  of a l i g n i n g  t h e  d i s p l a y  format  wi th  t h e  W could  
be eva lua ted .  These assumed b e n e f i t s  were (1) an  improved s i t u a t i o n a l  awareness ,  
( 2 )  a s t e a d i n e s s  a c r o s s  major e lements  of t h e  d i s p l a y  format ,  and (3 )  s i m i l a r  o r i en -  
t a t i o n s  of  t h e  PFD and nav iga t ion  d isp lay .  The experiment w a s  p r i m a r i l y  a comparison 
of t h e  W-a l igned  wi th  t h e  a t t i t ude -a l igned  d i s p l a y  format under crosswind and turbu-  
l e n t  cond i t ions .  The s e l e c t e d  t a s k  requi red  both  pr imary and nav iga t ion  informat ion .  

The approach p a t h  used f o r  t h e  experiment i s  shown i n  f i g u r e  9. The p a t h  
invo lves  d e c e l e r a t i o n ,  descen t ,  a 90' t u rn ,  a 3-n.mi. f i n a l  approach segment, and a 
landing .  The a i r p l a n e  w a s  i n i t i a l i z e d  on t h e  p a t h  a t  an a i r s p e e d  of  170 kno t s  w i th  
f l a p s  d e f l e c t e d  15O i n  l e v e l  f l i g h t ,  and it w a s  reconf igured  f o r  a 125-knot l and ing  
wi th  f l a p s  d e f l e c t e d  40'. 
touchdown. 
of  s e l e c t e d  v a r i a b l e s  w e r e  taken.  Subjec t ive  p i l o t  op in ion  w a s  ga thered  du r ing  and 
af ter  each  s imula t ion  se s s ion .  

A s i n g l e  run took approximately 3 minutes  from s t a r t  t o  
Tracking d a t a  w e r e  ga thered  throughout t h e  run  and s t r i p  c h a r t  r eco rd ings  

Two NASA tes t  p i l o t s  w e r e  used i n  the experiment.  The p i l o t s  w e r e  thoroughly  
f a m i l i a r  w i t h  t h e  TSRV s imula t ion  f a c i l i t y  and had spen t  over  7 y e a r s  w i t h  t h e  ATOPS 
Program i n c l u d i n g  involvement i n  numerous s imula t ions  and f l i g h t  tests.  
f lew f o u r  complete sets of e i g h t  runs  during two 3-hour s i m u l a t i o n  se s s ions .  

Each p i l o t  
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A set  o f  e i g h t  runs  w i t h  v a r y i n g  d i s p l a y s ,  c o n t r o l  modes, and v i s u a l  breakout  
p o i n t s  was formulated.  (See table  1.) Each r u n  w a s  performed under a l e f t  t o  r i g h t  
or  a r i g h t  t o  l e f t  crosswind, and a t u r b u l e n c e  f a c t o r  w a s  p r e s e n t  i n  a l l  t h r e e  axes  
w i t h  z e r o  mean and 0.9-m/sec (3 - f t / s ec )  s t a n d a r d  d e v i a t i o n .  The o r d e r  of  t h e  e i g h t  
r u n s  w a s  r e v e r s e d  from set t o  set  i n  o r d e r  t o  offset  l e a r n i n g  and f a t i g u e  effects .  
Each run  c o n d i t i o n  was flown i n  t h e  v e l o c i t y - v e c t o r  control-wheel s t e e r i n g  mode w i t h  
a u t o t h r o t t l e .  I n  a d d i t i o n ,  each r u n  c o n d i t i o n  w a s  r e p e a t e d  i n  a f u l l y  au tomat ic  con- 
t r o l  mode (three-dimensional n a v i g a t i o n ,  a u t o t h r o t t l e ,  and a u t o l a n d )  t o  de te rmine  t h e  
s u i t a b i l i t y  of  t h e  d i s p l a y  formats  f o r  au tomat ic  approach monitor ing purposes .  Sub- 
j e c t i v e  d a t a  o n l y  were obta ined  from t h e  f u l l y  au tomat ic  run  c o n d i t i o n s .  To examine 
p i l o t  s i t u a t i o n  awareness, each r u n  involved a v i s u a l  breakout  e i t h e r  a t  30 m 
(100 f t ) ,  w i t h  runway v i s u a l  range of  335 m (1100 f t ) ,  o r  a t  61 m (200 f t ) ,  w i t h  
runway v i s u a l  range of  914 m (3000 f t )  ( c a t e g o r y  I1 o r  I11 c o n d i t i o n s ) .  

S i t u a t i o n  awareness o f f e r e d  by t h e  VVPFD format w a s  f u r t h e r  i n v e s t i g a t e d  under 
t h e  fol lowing:  automatic  c o n t r o l  mode c o n d i t i o n  w i t h  misalignment o f  t h e  v i s u a l  
s cene ,  so t h a t  no runway w a s  i n  view a t  v i s u a l  breakout .  The l a t t e r  c o n s t i t u t e d  a 
missed approach and n e i t h e r  p i l o t  w a s  aware t h a t  such a c o n d i t i o n  w a s  inc luded  i n  t h e  
run  s e t .  Each p i l o t  had been b r i e f e d  on  t h e  approach geometry i n c l u d i n g  a missed 
approach procedure.  High-frequency sampling o f  d a t a  j u s t  pr ior  t o  and d u r i n g  v i s u a l  
breakout  allowed an a n a l y s i s  of t h i s  special e v e n t  as w e l l  as any unusual a c t i o n s  
d u r i n g  t h e  t r a n s i t i o n s  t o  v i s u a l  c o n d i t i o n s .  These performance measures w e r e  t h e n  
used as an i n d i c a t i o n  o f  s i t u a t i o n a l  awareness. 

SIMULATION RESULTS AND DISCUSSION 

The r e s u l t s  of t h e  s i m u l a t i o n  are d i v i d e d  i n t o  t w o  parts: (1) s u b j e c t i v e  and 
( 2 )  o b j e c t i v e .  The s u b j e c t i v e  f i n d i n g s  are p r e s e n t e d  f i rs t  and i n c l u d e  a l l  r u n s  
r e g a r d l e s s  of c o n t r o l  mode, manual o r  automatic .  

A s t r o n g  s u b j e c t i v e  p r e f e r e n c e  f o r  t h e  VVPFD format w a s  expressed  by both  tes t  
p i lo t s .  The s t e a d i n e s s  o f  t h e  horizon,  runway image, and p i t c h  g r i d  d u r i n g  t u r b u l e n t  
c o n d i t i o n s  w a s  unanimously c i t e d  as a p r i n c i p a l  r e a s o n  f o r  t h e i r  p r e f e r e n c e .  The 
p i l o t s  f e l t  t h a t  t h e  n o t a b l e  reduct ion  i n  d i s p l a y  element  movement r e s u l t e d  i n  less 
d i s t r a c t i o n  and better s i t u a t i o n a l  awareness. The e f f e c t s  of  crosswinds and turbu-  
l e n c e  w e r e  e a s i l y  d i s c e r n i b l e  through motions o f  t h e  a i r p l a n e  a t t i t u d e  symbol, and 
t h u s  no loss of  s i t u a t i o n  awareness occurred.  A d d i t i o n a l  f a v o r a b l e  comments w e r e  
rece ived  f r o m  t h e  p i l o t s  r e g a r d i n g  t h e  al ignment  aspects of  t h e  VVPFD format ,  b o t h  
w i t h i n  t h e  PFD and between t h e  PFD and t h e  n a v i g a t i o n  d i s p l a y .  

Within t h e  VVPFD, t h e  alignment of t h e  g l i d e - s l o p e  i n d i c a t o r  w i t h  t h e  f l i g h t -  
p a t h  a n g l e  and t h e  alignment of  t h e  l o c a l i z e r  i n d i c a t o r  w i t h  t h e  extended c e n t e r l i n e  
made scanning and r e c o g n i t i o n  of  t h e  s i t u a t i o n  more n a t u r a l .  Between d i s p l a y s ,  p r i -  
mary f l i g h t  and naviga t ion ,  c o o r d i n a t i o n  w a s  also more n a t u r a l  w i t h  b o t h  d i s p l a y s  
a l i g n e d  w i t h  e l e m e n t s  of t h e  same informat ion .  Although t h e  p i l o t s  had c o n s i d e r a b l e  
experience and had shown a d a p t a b i l i t y  over  t h e  y e a r s  w i t h  t h e  t r a c k - o r i e n t e d  naviga- 
t i o n  d i s p l a y  and t h e  ATTPFD, t h e i r  comments c l e a r l y  i n d i c a t e d  a p r e f e r e n c e  f o r  t h e  
alignment o f f e r e d  by t h e  combination of t h e  WPFD and t h e  t r a c k - o r i e n t e d  n a v i g a t i o n  
d i s p l a y .  Rather  than looking up from a n  a l i g n e d  n a v i g a t i o n  p r e s e n t a t i o n  t o  a dis-  
p laced  runway image (under crosswind c o n d i t i o n s ) ,  a c e n t e r e d  runway image w a s  pre- 
f e r r e d .  The crab o r  d r i f t  a n g l e  w a s  s t i l l  e a s i l y  determined by t h e  h o r i z o n t a l  
displacement  o f  t he  a t t i t u d e  symbol. 
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Situational awareness was thoroughly examined during the transitions from the 
Postrun examinations indicated that the pilots were PFD to the out-the-window scene. 

fully aware of the airplane relationship to the runway. For the unannounced missed 
approach situation, both pilots were surprised but easily recognized the situation 
and properly initiated a missed approach procedure. 

Objective data were gathered for each of the run conditions in which W control- 
wheel steering was involved. For the analysis of those data, the prescribed path was 
blocked into three zones. Figure 10 shows these zones graphically. The first zone 
encompassed the portion of the path from the starting point to the beginning of the 
required horizontal turn. The second zone began at the horizontal turn and ended at 
the start of the 3-n.mi. final approach leg. The third zone began at the end of the 
second zone and ended at an altitude of 30 m (100 ft). 
encapsulates different requirements of the overall task. 

Each of the three zones 

The analytical performance results from this experiment were formulated as root- 
mean-square (RMS) measurement metrics. After preliminary examination of the horizon- 
tal and vertical RMS tracking data, it was noted that the two test pilots placed 
different priorities on which axis to focus their primary attention. This made indi- 
vidual analysis of horizontal and vertical performance difficult, so a weighted metric 
that allowed both axes equal contributions to the total was formed. The individual 
tracking (still treated as RMS) was normalized by the overall mean from all runs and 
the sum of these normalized values formed the new combined metric used in the follow- 
ing analysis. Analysis of variance (ANOVA) tests were performed on the data (combined 
metric) for each of the three zones. The principal focus was placed upon the pilot 
and display factors of the experiment. A summary of the findinqs for pilots, display 
fom.ats, and pilot-display interacti.;;.n per z ~ t i e  is provided in table 2. 

In zone 1, the mean (averaged across pilots) performance per display format was 
not statistically significant, but the interaction between displays and pilots was. 
Further examination of this interaction, via Newman-Kouls testing, showed that dif- 
ferences in display formats were being canceled by pilot differences. Mean (averaged 
across display) performance per pilot was statistically significant. Pilot perfor- 
mances with the VVPFD were nearly equal, but one pilot performed slightly better with 
the ATTPFD and the other pilot performed much worse with the ATTPFD. 

In zone 2, again the mean performance per display format was not statistically 
significant, but the interaction between displays and pilots was. Examination of the 
interaction revealed that one pilot performed best with the VVPFD, but the other 
pilot's performance remained nearly the same for either display format. The mean 
performance per pilot was statistically significant. 

In zone 3, statistical significance was indicated between display formats, 
pilots, and the interactions of displays and pilots. The mean performance obtained 
with the WPFD was improved over that obtained with the ATTPFD. 
formed nearly equally well with the WPFD. 
ATTPFD than with the WPFD, but the other pilot's performance was opposite. Again 
one pilot's performance was better than the other pilot's. 

Both pilots per- 
One pilot performed better with the 

In summary, the analytic mean performance findings were as follows: 

1. Performances with the two displays differed, but often the trends toward 
improvement were reversed between the two pilots or shown by one pilot and 
not the other. No statistical support was found for one display format over 
the other. 
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2. Differences occurred between the performances of the two pilots but were 
mostly confined to runs when the ATTPFD was being used. 

Performance with the WPFD within zone 3 regarding the tracking of glide-slope and 
localizer signals was excellent and would easily meet catetory I1 or 111 require- 
ments. Mean performance plots for each pilot using the WPFD are shown (along with 
flight data) in figures 11 and 12. 

FLIGHT EXPERIMENT 

The objective of the flight experiment was to confirm pilot acceptance and 
preference for the WPFD format as obtained from the simulation study. These tests 
did not duplicate the simulation experiment since only the VVPFD format was used (in 
conjunction with the W control-wheel steering mode). The information content of 
the display format was identical to that of the format used in the simulator. The 
principal results of the flight experiment were expected to be subjective pilot 
evaluations. 

The NASA Wallops Flight Center was the test site. A microwave landing system 
(MLS) was used for accurate positioning of the test airplane. The MLS signals were 
used to properly draw the runway image and these same signals were converted to 
instrument landing system signals for glide-slope and localizer presentations. 
Velocity-vector information came from onboard inertial systems. 

A path nearly identical to the simulation experiment design (fig. 9 )  was used in 
conjunction with runway 22 at Wallops. A crosswind of approximately 8 to 10 knots 
and slight to moderate turbulence was present during the tests. The approach-to- 
landing conditions for the airplane were an airspeed of 125 knots, flaps deflected 
40°, and gear down. All approaches were terminated by passing control to the front 
safety pilots at an altitude of approximately 30 m (100 ft). 

The two NASA test pilots who conducted these tests were the same two who had 
participated in the simulation experiment. Each flew six approaches using the WPFD, 
VV control-wheel steering, and autothrottle throughout each approach run. Commentary 
was taken after each run, while the safety pilots flew the airplane to the starting 
posit ion. 

FLIGHT RESULTS AND DISCUSSION 

The subjective results from the flight experiment commentary were the same for 
both test pilots. The flight experience using the WPFD format confirmed the simula- 
tion experience: (1) a centered runway image was desirable when the aircraft was 
properly aligned; (2) the steadiness of the new display information, due to aligning 
the display format with pilot-commanded W ,  solved a complaint of unsteadiness in 
previous display formats; ( 3 )  situation awareness was easily maintained (including 
crosswind effects) because of better alignment of information groupings; and 
(4) transitions between primary and navigation displays were easier with both dis- 
plays aligned along common information elements. 

The analytic measurements during the flight experiment were obtained via MLS 
readouts during the final portion of the approach. The first two runs for each pilot 
were treated as practice, and only the last four runs were used in the analysis. The 
data were placed in RMS form for both the glide-slope and localizer errors. 
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The general trends between flight and simulation data clearly show a slight 
degradation in performance in flight. However, the performance in flight was still 
considered quite good. Figure 11 contains comparison plots, for each pilot, of the 
RMS glide-slope error between simulation and flight performance. A statistically 
significant difference was noted in the variance for pilot 1, but none of the other 
comparisons (means and variances) yielded any statistical differences. 

Figure 12 contains comparison plots, for each pilot, of the RMS localizer error 
between simulation and flight performance. Within these data, a statistically sig- 
nificant difference was noted for the mean RMS performance for pilot 1, but no other 
statistically significant differences among the means and variances were detected. 

The flight performances shown in figures 11 and 12 are considered to be excel- 
lent even though not quite as good as the simulation results. These results would 
also meet category 11 or 111 requirements. 

CONCLUSIONS 

An electronic display format aligned with the aircraft inertial velocity vector 
was developed, and an advanced transport airplane simulation experiment was conducted 
to evaluate the velocity-vector-aligned display format versus the traditional 
attitude-aligned format. Then the velocity-vector-aligned format was also evaluated 
in flight. This project resulted in the following conclusions: 

1. Subjective commentary, from both simulation and fliqht evaluations, indicated 
a clear preference f.or the velocity-vectof-aiiyned d i s p l a y  format. Reasons 
cited were the steadiness of major information elements of the display during 
turbulence and the better arrangement of information sets during final 
approach to landing. 

2. Situational awareness, especially under crosswind conditions, was improved 
with the velocity-vector-aligned display format because of better alignment 
of information groupings. 

3. Flight evaluation of the velocity-vector-aligned display format confirmed the 
simulation subjective findings. 

4. Statistical analysis of objective simulation performance was inconclusive 
with regard to display formats. Differences between test pilots were noted. 

5. Tracking performances along glide-slope and localizer signals were excellent 
and met category I1 or 111 requirements. 

NASA Langley Research Center 
Hampton, VA 23665-5225 
October 2 4 ,  1986 
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TABLE 1.- BASIC EXPERIMENT TEST MATRIX 

r u n s  involved a u t o t h r o t t l e  and a tu rbu lence  f a c t o r .  Crosswind 1 c o n d i t i o n s  were balanced ac ross  replicate sets of r u n s  

Disp lay  format 

Ve loc i ty  v e c t o r  
Ve loc i ty  v e c t o r  
Ve loc i ty  v e c t o r  
Ve loc i ty  v e c t o r  

A t t i t u d e  
A t t i t u d e  
A t t i t u d e  
A t t i t u d e  

6 

8 

Cont ro l  mode 

Ve loc i ty  vec tor  
V e l o c i t y  vec to r  

Automatic 
Aut omat i c  

Ve loc i ty  vec tor  
Ve loc i ty  vec tor  

Automatic 
Aut omat i c  

Visua l  breakout  
a l t i t i ? d e ;  m (ft) 

30 (100) 
61 ( 2 0 0 )  
30  (100) 
61 ( 2 0 0 )  
30 (100) 
61 ( 2 0 0 )  
30 (100) 
61 ( 2 0 0 )  

Crosswind 
directicr, 

Left-Right 
Right-Left  
Lef t -R igh t  
Right-Left  
Lef t -Right  
Right-Left  
L e f t  - Right 
Right-Left  
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TABLE 2.- PARTIAL LIST OF ANALYSIS OF VARIANCE 
TESTS ON COMBINED RMS MEASURE 

** 
I 

Factor I Result 

Zone 1, range and navigation I 
D i sp 1 ay s 
Pilots 
Interaction of pilots 
and displays 

- 
** 

I Zone 2, turn to final approach 

Displays 
Pilots 
Interaction of pilots 
and displays 

- 
** 

* *  
~~~~ ~ ~~ 

Zone 3, final approach 

Displays 
Pilots 
Interaction of pilots 
and displays 

** Indicates statistically significant 
differences at 99% confidence level. 
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L-73-6283 

Figure 1.- NASA Transport Systems Research Vehicle (TSRV). 

Guidance and navigation Image 
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Data-acquisition Research cockpit 
interface pallet J Inertial Y \  system 

eng i neir s I stat i on J 

Figure 2.- Internal arr 

Video recorders 

Flight control 
Flisht test computers 

ngement of NASA Transport Systems Rese ch Vehicle. 
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L-80-2514 

Figure  3.- Research f l i g h t  deck (RFD) d i s p l a y  a r rangement .  

Navigation control  [-I 
Navigation 

' 

h o n t r o l  mode' I 
display unit select panel - I 

I tl 1. Servos - 
c) 

- 
Flight Navigation 

computer 5, computers -- Flight 
cont ro l  --I 

sensors 

sensors - I - - -----) guidance control  I 

- 

MLS processor 

I MLS receiver I 
F i g u r e  4.- NASA T r a n s p o r t  Systems Research  

Veh ic l e  (TSRV) sys tems l a y o u t .  
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ORIGINAL PAGE IS 
OF POOR QUALITY 

F i g u r e  5.- S i m u l a t o r  arrangement of p r imary  f l i g h t  
and n a v i g a t i o n  d i s p l a y s .  
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Figure 6.- Attitude-aligned primary flight display 
(ATTPFD) for no wind. 
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OF POOR QUALllY 

Figure 7.- Attitude-aligned primary flight display (ATTPFD) 
with a 15-knot left to riqht crosswind. 

L-80-2 106 

Figure 8.- Velocity-vector-aligned primary flight 
display (VVPFD) with a 15-knot left to right 
crosswind. 
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Missed approach procedure: 

Climb t o  1000 f t  
Turn l e f t  t o  50' heading 

A i m  p o i n t  
1000 ft 

Middle marker 
209 f t  

Switch t o  l and  d i s p l a y  mode 

I n i t i a l  cond i t i ons  Airspeed 
Gear up, f l a p s  15O 150 knots 

Airspeed 
150 knots 

1 
\i rspeed 125 knots 
' u l l  f l a p s  

9%' bank 
Airspeed c 164' heading requ i red  

170 knots 

2560 ft 2560 ft 

Dec i s i on he i g h t s 
200 f t  o r  100 ft 

3' descent angle Touchdown 

74' heading 

F i g u r e  9.- Approach path geometry for simulation task. 
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Zone 3 

4 Zone 1 

Zone 1 - 
-Zone 2 --t 

Figure  10.-  Data record ing  zones along approach path.  
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Figure 11.- Means and standard deviations of flight and simulation 
root-mean-square glide-slope performance on final approach. 
n = Number of runs. 
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Figure 12.- Means and standard deviations of simulation and flight 
root-mean-square localizer error performance on final approach. 
n = Number of runs. 



Standard Bibliographic Page 

1. Report No. 
NASA TP-2648 

2. Government Accession No. 

4. Title and Subtitle 
Development and Evaluation of an Airplane Electronic 
Display Format Aligned With the Inertial Velocity 
Vector 

19. Security Classif.(of this report) 
Unclassified 

7. Author(s) 

George G. Steinmetz 

20. Security Classif.(of this page) 21. No. of Pages 22. Price 
Unclassified 21 A0 2 

9. Performing Organization Name and Address 

NASA Langley Research Center 
Hampton, VA 23665-5225 

12. Sponsoring Agency Name and Address 

National Aeronautics and Space Administration 
Washington, DC 20546-0001 

15. Supplementary Notes 

3. Recipient’s Catalog No. 

5. Report Date 
December 1986 

6. Performing Organization Code 
505-45-33-06 

8. Performing Organization Report No. 

L- 161 6 8 
10. Work Unit No. 

11. Contract or Grant No. 

13. Type of Report and Period Covered 

Technical Paper 
14. Sponsoring Agency Code 

16. Abstract 

This report describes the development of an electronic primary flight display 
format aligned with the aircraft velocity vector, a simulation evaluation com- 
paring this format with an electronic attitude-aligned primary flight display 
format, and a flight evaluation of the velocity-vector-aligned display format. 
Earlier tests in turbulent conditions with the electronic attitude-aligned dis- 
play format had shown an objectionable unsteadiness in the displayed informa- 
tion. A primary objective of aligning the display format with the velocity 
vector was to take advantage of a velocity-vector control-wheel steering system 
to provide a steadiness of display information during turbulent conditions. 
Better situational awareness under crosswind conditions was also achieved. The 
evaluation task was a curved, descending approach with turbulent and crosswind 
conditions. Primary flight display formats contained computer-drawn perspec- 
tive runway images and flight-path angle information. The flight tests were 
conducted aboard the NASA Transport Systems Research Vehicle (TSRV). The com- 
parative results of the simulation and flight tests were principally obtained 
from subjective commentary. Overall, the pilots preferred the display format 
aligned with the velocity vector. Statistical examination of performance 
parameters was inconclusive. The flight results basically confirmed the simu- 
lation findings. The tracking performance for glide-slope and localizer 
signals was excellent and would meet category I1 or I11 requirements. 

17. Key Words (Suggested by Authors(s)) 

Electronic displays 
Simulation tests 
Flight tests 
Velocity-vector control 

18. Distribution Statement 

Unclassified - Unlimited 

i For sale by the National Technical Information Service, Springfield, Virginia 22161 
NASA-Langley, 1986 


